Summary. This work examines electro-thermal transport in silicon devices and in single-wall carbon nanotubes (SWNTs). Non-local transport is found to strongly affect heat generation in quasi-ballistic silicon devices. Under such conditions, Joule heat is mainly dissipated in the drain region, and increasing power densities may lead to phonon non-equilibrium. Significant current degradation is observed in suspended SWNTs, which is attributed to the presence of hot optical phonons and to a decrease in thermal conductivity (as ~ 1/7) at high temperature (7) under self-heating. The high temperature thermal conductivity can then be extracted by using the high bias characteristics of suspended SWNTs.
Introduction
Sharply increasing power densities are often considered the ultimate roadblock for the continued evolution of nanoscale electronics. As the dimensions and voltage of semiconductor devices are down-scaled linearly, the volume and area available for heat dissipation decrease cubically and quadratically. Three-dimensional integration and incorporating materials with lower thermal conductivities than silicon are accelerating such trends, while the thermal boundary resistance between materials also plays a role for designs with large surface-area-to-volume ratio [1] . Confined geometry devices (i.e. FinFET, ultra-thin body SOI, surround gate FETs, nanowires) will fiirther limit the heat dissipation volume, leading to increased temperatures and the associated negative consequences on performance and reliability. Even carbon nanotubes, which have been shown to possess very high thermal conductivity [2], suffer from small thermal conductance owing to their small diameter. This combination may also yield power dissipation and self-heating issues under high bias current flow.
In this work, we examine the consequences of self-heating with emphasis on non-equilibrium effects in two types of nanometer scale devices. First, we describe Monte Carlo (MC) simulations which have been used to compute heat generation in bulk and strained silicon devices. We find that Joule heating occurs primarily in the drain of short devices when transport across the channel is quasi-ballistic. We show that non-equilibrium optical phonon (OP) effects may be important at power densities greater than 10^^ W/cm^, a range attainable in silicon devices with channel lengths below 20 nm under the current Technology Roadmap (ITRS) guidelines [3] . Second, we investigate electro-thermal transport in freely suspended single-wall carbon nanotubes (SWNTs), which represent the worst-case scenario of self-heating under high current flow. We find that the high bias electrical characteristics of suspended SWNTs exhibit Negative Differential Conductance (NDC) owed to non-equilibrium OPs and a decrease in thermal conductivity as -I/Tat high temperatures (T> 400 K).
Joule Heating in Bulk and Strained Silicon Devices
The physical mechanism through which self-heating occurs in silicon is that of electron scattering with phonons, and thus only a simulation approach which deliberately incorporates all such scattering events can capture the microscopic, detailed picture. We have studied heat generation using special-purpose Monte Carlo (MC) simulations. The conduction band is modeled with the analytic nonparabolic approximation, and each phonon mode is reproduced with a quadratic dispersion [4] . The heat generation rate is computed as a sum of all phonon emission events minus all phonon absorption events. Hence, complete phonon generation spectra can be obtained both for bulk silicon samples (e.g., as a function of electric field) and in various device geometries [5] . In particular we find that the heat Unlike the classical (drift-diffusion) result, the MC simulation shows that heat is dissipated far into the device drain. The dotted lines represent the optical phonon (upper) and acoustic phonon (lower) heat generation profiles from the MC result.
